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The rectification of high-frequency electromagnetic waves to direct currents is a
crucial process for energy harvesting, beyond 5G wireless communications, ultra-fast
science, and observational astronomy. As the radiation frequency is raised to the
sub-terahertz (THz) domain, efficient ac-to-dc conversion by conventional electronics
becomes increasingly challenging and requires alternative rectification protocols. Here
we address this challenge by tunnel field-effect transistors made of dual-gated bilayer
graphene (BLG). Taking advantage of BLG’s electrically tunable band structure, we
create a lateral tunnel junction and couple it to a broadband antenna exposed to
THz radiation. The incoming radiation is then down-converted by strongly non-linear
interband tunneling mechanisms, resulting in exceptionally high-responsivity (exceed-
ing 3 kV/W) and low-noise (0.2 pW/
√
Hz) detection at cryogenic temperatures. We
demonstrate how the switching from intraband Ohmic to interband tunneling regime
within a single detector can raise its responsivity by one order of magnitude, in agree-
ment with the developed theory. Our work demonstrates an unexpected application of
interband tunnel transistors for high-frequency detection and reveals bilayer graphene
as one of the most promising platforms therefor.
+ Equally contributed authors.
Field effect transistors (FETs) recently found an unex-
pected application for the rectification of THz and sub-
THz signals beyond their cutoff frequency [1, 2]. This
technology paves the way for on-chip [3], low-noise [4],
and sub-nanosecond radiation detection [5, 6] offering
the possibility of & 10 Gb/s data transfer rates. Con-
trary to competing diode rectifiers, FETs offer the pos-
sibility of phase-sensitive detection [7, 8] vital for noise-
immune communications with phase modulated signals.
Recent innovations towards enhanced responsivity of
FET-detectors include the use of novel materials [9–11],
exotic nonlinearities [12–15], enhanced light-matter cou-
pling [16] and plasmonic effects [17–19]. Despite the rich
and complex physics of THz rectification, the responsiv-
ity of most FET-detectors is governed by the sensitiv-
ity of the channel conductivity Gch to the gate voltage
Vg, parameterized via the normalized transconductance
F = −d lnGch/dVg [2, 20]. The transconductance in con-
ventional FETs has a fundamental limit of e/kBT (e is
the elementary charge and kBT is the thermal energy)
dictated by the leakage of thermal carriers over the gate-
induced barrier, termed as ’Boltzmann tyranny’. Al-
though this process is well-recognized as a limiting factor
for the minimal power dissipation of FETs in integrated
circuits, it has been scarcely realised that it also imposes
a bound on the responsivity of antenna-coupled FETs to
THz fields.
One of the most promising routes to escape from the
Boltzmann tyranny is the manipulation of interband tun-
neling instead of intraband thermionic currents. This
idea is materialized in a tunnel field effect transistor
(TFET) [21–23]. TFETs find their applications in low-
voltage electrical and optical switching [24], accelerom-
etry [25], chemical [26] and biological sensing [27, 28].
In spite of this variety, the use of TFETs for the recti-
fication of high-frequency signals [29] has not been at-
tempted so far. This is also surprising considering recent
advances in the development of tunnelling high-frequency
rectifiers and detectors based on quantum dots [30, 31],
diodes [32–37] and superconducting tunnel junctions [38–
40]. A possible reason is that low on-state current and
cut-off frequency of TFETs stimulate the belief on their
inapplicability in teratronics [41].
In this work, we show that the opposite is true and
demonstrate the use of TFETs for highly-sensitive sub-
THz and THz detection. Using bilayer graphene (BLG)
as a convenient platform for this enquiry, we fabricate
a dual-gated TFET and couple it to a broadband THz
antenna. The received high-frequency signal is rectified
by electrostatically-defined tunnel junction resulting in
high-responsivity and low-noise detection. Our experi-
mental results and the developed theory suggest that the
origin of the exceptional responsivity in our detectors is
not the large transcoductance, but rather steep curvature
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2FIG. 1. Dual-gated bilayer graphene THz detector. a, Schematic of an hBN encapsulated dual-gated BLG transistor.
THz radiation is incident on a broadband antenna connected to the source and gate terminals yielding modulation of the
gate-to-source voltage. The build-up photovoltage Vph is read out between the source and drain terminals. b, Band structure
of the BLG at the interface between the n-doped bottom gate-sensitive region and dual-gated p-doped channel. c-d, Optical
photographs of the fabricated dual-gated detector. The source and top-gate terminals are connected to a broadband bow-tie
antenna. e, r2pt as a function of Vtg for two representative Vbg = 0 and Vbg = 2 V. Inset: Zoomed-in r2pt(Vtg) for Vbg = 0 V.
T = 10 K.
of the tunneling I − V characteristic [42]. Our findings
point out that even TFETs without sub - kBT/e switch-
ing can act as efficient THz rectifiers preserving all the
benefits of transistor-based detection technology.
Device fabrication and characterization. For
the proof-of-principle demonstration, we constructed a
TFET of a BLG taking advantage of its unique elec-
tronic properties. BLG is a narrow-band semiconductor
characterized by a tunable band structure highly sensi-
tive to the transverse electric field [43]. This ensures a
steep ambipolar field effect and allows for an indepen-
dent control of the band gap size and the carrier density,
n [44], providing a unique opportunity for a fully electro-
static engineering of the spatial band profile [45–47]. We
employed this property to electrostatically define typi-
cal TFET configuration shown in Fig. 1a,b. In addition,
BLG hosts a high-mobility electronic system, a crucial
property for high-frequency applications. As we now pro-
ceed to show, these properties make BLG a convenient
platform to demonstrate the drastic differences in perfor-
mance of intraband field-effect-enabled detection and its
interband tunneling counterpart within the same device.
We fabricated our detector by an encapsulation of BLG
between two slabs of hexagonal boron nitride (hBN)
using standard dry transfer technique described else-
where [48] (See Methods). The BLG channel of length
L = 2.8 µm and width W = 6.2 µm was assembled on
top of a relatively thin (∼ 10 nm) graphite back gate
which ensured efficient screening of remote charge im-
purities in Si/SiO2 substrate [49]. The device was also
equipped with a second (top) gate electrode deposited
symmetrically between the source and drain contacts.
Importantly, relatively short (l < 100 nm) regions near
the contacts were not covered by the top gate and thus
were affected by the bottom one only. This configuration
allowed us to define a lateral tunnel junction between
single- and double-gated regions when the top and bot-
tom gate voltages (Vtg and Vbg respectively) had opposite
polarities [45–47], as explained in Figs. 1b and 5. The de-
vice was coupled to the incident radiation via broadband
bow-tie antenna connected to the source and top gate
electrodes. The rectified dc photovoltage, Vph, was read
out between the source and drain terminals as shown in
Fig. 1a (See Methods).
Prior to photoresponse measurements, we character-
ized the transport properties of our device. Figure 1e
shows the dependence of our detector’s two-terminal re-
sistance, r2pt, on Vtg for two representative values of Vbg
measured at T = 10 K. At Vbg = 0 V, r2pt(Vtg) exhibits
familiar bell-like structure that peaks at the charge neu-
trality point (CNP) where r2pt ≈ 0.4 kΩ (inset of Fig. 1e).
Application of Vbg = 2 V shifts the CNP to negative Vtg
and results in drastic increase of r2pt that reaches 20 kΩ
already at Vtg ≈ −3.5 V. This increase is a clear indica-
tive of the electrically-induced band gap in BLG [43, 44].
Tunneling-enabled detection. Figure 2a shows the
external responsivity of our detector, Rv = Vph/Pin, as
a function of Vtg recorded in response to f = 0.13 THz
radiation. Here Vph is the generated photovoltage and
Pin is the incident radiation power (See Methods for the
details of responsivity determination). At Vbg = 0 V,
Rv(Vtg) exhibits a standard antisymmetric sign-changing
behaviour with |Rv| reaching 200 V/W close to the
CNP. The functional form of Rv(Vtg) follows that of the
normalized transconductance F = −(dGch/dVtg)/Gch
(Fig. 2b), where Gch = 1/r2pt, and is consistent with
previous studies of graphene-based THz detectors [10,
18, 50]. This standard behaviour is routinely under-
stood in terms of a combination of resistive self-mixing
and photo-thermoelectric rectification, two predominant
3FIG. 2. Tunnelling-assisted THz detection a, Detector responsivity as a function of Vtg for Vbg = 0 V (black) and
Vbg = 1.5 V (red) measured in response to f = 0.13 THz radiation. T = 10 K. Inset illustrates band profiles in the vicinity
of the single and dual-gated interface when Vbg and Vtg are of opposite polarities (top). b,c Normalized transconductance F
versus Vtg obtained by numerical differentiation of the device resistance for Vbg = 0 V (b) and Vbg = 1.5 V (c). Note, F (Vtg)
dependencies are fairly symmetric whereas the Rv(Vtg) is highly asymmetric for the same Vbg (a). d, e Rv from (a) normalized
to the channel resistance r2pt as a function of Vtg for given Vbg.
mechanisms that govern THz detection in graphene-
based FETs [51].
The response of our device changes drastically when
a finite vertical electric field is applied perpendicular to
the BLG channel. Figure 2a shows the Rv(Vtg) depen-
dence for Vbg = 1.5 V and reveals a giant increase of
Rv exceeding 3 kV/W (red curve). A striking feature of
the observed dependence is its strong asymmetry with
respect to zero Vbg behaviour: namely, |Rv| is more than
an order of magnitude larger for the p-doped channel (to
the left from the CNP in Fig. 1e) as compared to the case
of n-doping (to the right from the CNP in Fig. 1e). In ad-
dition, while the response decays rapidly with increasing
Vtg on the n-doped side, a finite Rv is observed over the
whole span of Vtg at which the channel is p-doped. Im-
portantly, the F -factor remains fairly symmetric for the
Vtg/Vbg combinations at which Rv exhibits strong asym-
metry. This observation suggests that the strong recti-
fication of THz radiation in our device is not caused by
the non-linearities in the dual-gated BLG channel. More-
over, the increase in Rv cannot be explained by a trivial
enhancement of channel resistance. To demonstrate this,
in Fig. 1d and e we plot Rv normalized to r2pt, a quantity
with the dimension of current responsivity. A symmet-
ric Rv/r2pt(Vtg) dependence measured at Vbg = 0 V is
conceded with amplified and highly-asymmetric curve at
finite Vbg, thereby excluding resistance-enabled Rv en-
hancement.
Figure 3a-b details our observations further by show-
ing maps of Rv(Vtg, Vbg) and r2pt(Vtg, Vbg). Enhanced
Rv is observed in two distinct quadrants characterized by
an anti-symmetric (with respect to the Vbg) sign pattern
(see Supplementary Section 1 for the line cuts of the map
in Fig. 3a). Outside these quadrants, Rv was found neg-
ligibly small. Interestingly, r2pt-map is fairly symmetric
featuring gradual increase of resistance at the CNP with
increasing vertical field as expected for BLG [43, 44].
We have also studied the performance of our detectors
at higher f and found consistent highly asymmetric re-
sponse similar to that shown in Fig. 2b ( Supplementary
Section 2) highlighting broadband character of the rectifi-
cation mechanism. Furthermore, using Johnson–Nyquist
relation for the noise spectral density S =
√
4kBTr2pt,
we estimate the noise equivalent power of our detector,
NEP=S/Rv, to reach 0.2 pW/
√
Hz at T ≈ 10 K (Fig. 3c).
For comparison, commercial superconducting hot elec-
tron bolometers (SHEB) operating at lower T = 4.2 K
feature NEP of 0.1-2 pW/
√
Hz (Fig. 3c, green shaded
area) that makes our dual-gated detectors competitive
with the commercial technology. ( Supplementary Sec-
tion 3).
In order to understand deeper the peculiar detection
mechanism of our cooled detector, we have studied the
temperature dependence of its performance. Figure 3d
compares the Rv(Vtg) dependencies measured at T = 10
and 77 K in response to f = 0.13 THz radiation. For
p-doped channel, Rv(Vtg) drops by more than 2 orders
of magnitude whereas a 10-fold decrease in Rv(Vtg) is
observed for the n-doped side. Furthermore, in strik-
ing contrast to the behaviour observed at 10 K, Rv(Vtg)
curves become more symmetric at liquid nitrogen T . To
compare, r2pt at the CNP also drops with increasing T
(inset of Fig. 3d), demonstrating usual insulating be-
haviour of gapped BLG at zero doping. However, for
the case of n-doped channel, r2pt increases with increas-
ing T , a signature of phonon-limited transport, whereas
on the p-doped side we observed a pronounced decrease
of r2pt with increasing T . The giant increase of Rv and
insulating T -dependence of r2pt, when Vtg and Vbg are
4FIG. 3. Performance of the BLG-TFET detector. a, Responsivity of our detector as a function of Vbg and Vtg recorded
in response to f = 0.13 THz radiation. b, r2pt(Vtg, Vtg) map measured at T = 10 K. The appearance of highly resistive regions
(red) points out to the band gap opening in BLG. c, NEP of our detector at given Vbg determined using the Johnson-Nyquist
relation for the noise spectral density. Horizontal line marks NEP level for SHEBs operating at the same f and T = 4.2 K
(See Supplementary Section 3 for a detailed comparison of the BLG-TFET with other THz detectors). Green shaded region
indicates the spread in NEP for SHEBs at higher f d, Temperature dependence of Rv(Vtg) and r2pt(V ) (inset) at Vbg = 1.5 V.
of opposite polarities, suggest that the behaviour of our
BLG detector is governed by the interband tunneling as
we now proceed to demonstrate.
Modelling tunneling-enabled photoresponse.
Our dual-gated BLG transistor can be modelled by an
equivalent circuit shown in Fig. 5 (See Methods). It con-
sists of the gate-controlled channel conductance G˜ch and
tunnel junctions at the source and drain with conduc-
tances GS and GD, respectively. The net responsivity
Rv of such a circuit is the sum of three ’intrinsic’ respon-
sivities (marked with subscript i) weighted with voltage
division factors γ = [1 + GS/G˜ch]
−1 and multiplied by
a factor of ≈ 4Zrad relating the mean square of the an-
tenna’s output voltage with the incident power (Zrad is
the radiation resistance of the antenna; exact expression
for the prefactor is given in Methods):
Rv ≈ 4Zrad[RTJ,i |γ|2 +RTG,i Re γ +Rch,i |1− γ|2]. (1)
The channel responsivity, Rch,i, is proportional to the
transconductance [20] and appears due to resistive self-
mixing effect, i.e. due to simultaneous modulation of
carrier density by transverse gate field and their drag by
longitudinal field. The tunnel junction responsivity RTJ,i
emerges due to non-linear dependence of tunneling cur-
rent on junction voltage, VTJ. Finally, the responsivity
RTG,i appears due to the simultaneous action of the gate
voltage that modulates tunnel barrier and junction volt-
age that pulls the carriers. All three contributions can
be calculated from the sensitivities of conductances GS
and G˜ch to Vtg and VTJ (Methods and Supplementary
Section 4).
Figure 4a plots the results of such calculations in a
form of 2D map which shows Rv dependence on Vtg and
Vbg (see Methods and Supplementary Section 4). The
map captures well all the features of the experiment, in
particular, the asymmetric gate voltage dependence of
the responsivity and its giant increase when the volt-
age of top and bottom gates is of the opposite polarity.
This is most clearly visible in Fig. 4c which compares
Rv(Vtg) dependencies for the cases of zero and finite Vbg.
Moreover, our model indicates a broadband character
of the tunneling-assisted photoresponse ( Supplementary
Section 2) as well as provides a remarkable quantitative
agreement with experiment provided that Zrad ≈ 75 Ω,
a typical value for the antenna of this type [18, 51].
The peculiar response of our detector can be under-
stood with the band diagrams shown in Fig. 4b. The
detector can operate in two regimes: the regime of intra-
band transport (white, grey, yellow and purple symbols
on the map in Fig. 4a) and the regime of interband tun-
neling (green and blue symbols on the map in Fig. 4a),
depending on the gate voltage configuration. At zero Vbg,
BLG is practically gapless, so that the tunnel barrier be-
tween the source and the channel is almost absent (white
and grey symbols on the map in Fig. 4a). In this regime,
the device responsivity is controlled by Rch,i which ex-
hibits a symmetric dependence on Vtg (cf Fig. 4c (black
line) and Fig. 2a). On the contrary, when a finite bias is
5FIG. 4. Modelling tunneling-assisted THz detection. a, Calculated Rv(Vtg, Vbg) map of our dual-gated BLG device in
response to f = 0.13 THz radiation. b, Calculated band profiles for different (Vtg, Vbg) configurations indicated by the colored
symbols in (a). White, grey, yellow and pink symbols point to the band diagrams of the FET mode whereas the green and
blue symbols correspond to the regime of interband tunnelling. Red, blue and black lines illustrate conduction band minimum
(EC), valence band maximum (EV), and the chemical potential (µ), respectively. c, Line cuts of the map in (a) for Vbg = 0 V
and Vbg = 2.5 V. Zrad ≈ 75 Ω was used for these calculations (Methods). Inset: The ratio between the tunnel junction, RTJ,
contribution to the responsivity and that of the channel nonlinearity, Rch, for Vbg = 2.5 V.
applied to the bottom gate, the tunnel junction is formed
as illustrated in Fig. 4b (green and blue symbols). Its
intrinsic rectifying capability RTJ,i exceeds that of the
transistor channel Rch,i, as shown in the inset to Fig. 4c
by several orders of magnitude. This stems from an ultra-
strong, exponential sensitivity of the tunnel conductance
to the voltage at the junction, as compared to the smooth
dependence of G˜ch on Vtg. Moreover, the ac voltage being
rectified drops almost completely on a weakly conducting
junction but not on the well-conducting channel in the
tunneling regime (|γ| → 1). This can be viewed as the
’self-localization’ of the ac field in the tunneling rectifier,
which contributes to the responsivity enhancement.
Our theory, which successfully describes the response
of the BLG device, can also serve to demonstrate the
prospects and fundamental limits of TFET-based THz
detectors. In the current device, the tunneling is assisted
by fluctuations of in-plane electric field induced by local
groups of charged impurities [52]. In ideal devices, the
responsivity would exceed 100 kV/W, according to the
model calculations ( Supplementary Section 5). It is also
remarkable that the expected high transconductance of
TFET concedes to even higher nonlinearity of the tunnel
junction, thus RTJ,i  RTG,i in the present and ideal de-
vices. RTG,i can dominate in situations where the source
and channel simultaneously possess large gap and remain
undoped; thence electron tunneling occurs from a filled
valence band of the source to an empty conduction band
of the channel in the vicinity of band edges. Large density
of states near the bottom of ’Mexican hat’-like spectrum
of BLG further increases TFET switching steepness [53].
Realization of such band alignment is possible with the
application of the drain bias and/or with extra doping
gates.
In conclusion, we have shown an opportunity to use
TFETs as high-responsivity detectors of sub-THz and
THz radiation. Constructing a prototypical device from
a BLG dual-gated structure and coupling it to a broad-
band antenna allowed us to demonstrate the drastic dif-
ference between a conventional FET-based approach and
TFET-enabled rectification. Furthermore, we have de-
veloped a full model enabling one to predict the perfor-
mance of TFET detectors based on the details of their
band structure. This model was applied to the case of
BLG TFET detector and successfully captured all the
experimentally observed features. As an outlook, we
note that BLG is just a convenient platform to demon-
strate exceptional performance of TFET-based THz de-
tectors. This approach can be extended to larger-gap ma-
terials [54] enabling room-temperature operation, as well
as to CMOS-compatible structures [55]. Furthermore,
we envision that alternative transistor technologies en-
abling transconductance beyond Boltzmann limit (phase-
change FETs [56], negative capacitance FETs [57]) would
also demonstrate ultra-sensitive THz detection.
*Correspondence to: gefedorov@mail.ru,
Svintcov.da@mipt.ru, bandurin@mit.edu.
6METHODS
Device fabrication
To fabricate tunneling-enabled BLG photodetector we
first encapsulated BLG between relatively thick hBN
crystals using the standard dry-peel technique [48]. The
thickness of hBN crystals was measured by atomic force
microscopy. The stack was then transferred on top of
a predefined back gate electrode made of graphite de-
posited onto a low-conductivity THz-transparent silicon
wafer capped with a thin oxide layer (500 nm). The re-
sulting van der Waals heterostructure was patterned us-
ing electron beam lithography to define contact regions.
Reactive ion etching was then used to selectively remove
the areas unprotected by a lithographic mask, resulting
in trenches for depositing electrical leads. Metal contacts
to BLG were made by evaporating 3 nm of chromium
and 60 nm of gold. Afterwards, a second round of e-
beam lithography was used to design the top gate. The
graphene channel was finally defined by a third round
of e-beam lithography, followed by reactive ion etching
using Poly(methyl methacrylate) and gold top gate as
the etching mask. Finally, a fourth round of e-beam
lithography was used to pattern large bow-tie antenna
connected to the source and the top-gate terminals, fol-
lowed by evaporation of 3 nm of Cr and 400 nm of Au.
Antennas were designed to operate at an experimentally
relevant frequency range.
Responsivity measurements
To perform the photoresponse measurements we used
variable temperature optical cryostat equipped with a
polyethylene window that allowed us to couple the pho-
todetector to incident THz radiation. A Zytex-106 in-
frared filter was mounted in the radiation shield of the
cryostat to block the 300 K background radiation. The
radiation was focused to the bow-tie antenna by a sili-
con hemispherical lens attached to the silicon side of the
chip. The transparency of the silicon wafers to the inci-
dent THz radiation over the entire T− range was verified
by transmission measurements using a THz spectrome-
ter. Photovoltage was recorded using a home-made data
acquisition system based on the PXI-e 6363 DAQ board.
The responsivity of our tunneling-enabled detector was
calculated assuming that the full power delivered to the
device antenna funnelled into the FET channel. The Rv
determined by this way provides a lower bound for the de-
tectors’ responsivity and is usually referred to as extrin-
sic. The calculation procedure comprised several steps.
First the drain-to-source voltage was recorded as a func-
tion of the top gate voltage in the dark (Vdark). Then,
the dependence of the the drain-to-source voltage, VDS,
on Vtg was obtained under the illumination with THz
radiation. The latter was provided by a calibrated back-
ward wave oscillator generating = 0.13 THz radiation
with the output power Pfull accurately measured using
Golay cell. The difference Vph = VDS − Vdark formed the
photovoltage. The responsivity was then calculated as
Rv = Vph/Pin, where Pin ≈ Pfull/3.5 is the power deliv-
ered to the antenna after taking into account the losses
in the silicon lens and the cryostat optical window (≈ 5.5
dB).
In order to study the photoresponse of our detectors
at higher f , we used a quantum cascade continuous
wave laser based on a GaAs/Al0.1Ga0.9As heterostruc-
ture emitting f = 2.026 THz radiation. Due to the low
power of the QCL and non-optimized antenna design at
this f , the calibration of the delivered to the device an-
tenna power was rather challenging and therefore we only
report tunneling-enabled operation of our detector in rel-
ative units.
S D
FIG. 5. Equivalent circuit of the BLG TFET detec-
tor. Antenna is modelled as an equivalent voltage source
Vant that generates ac current ITHz (red arrows) flowing into
the source and escaping the FET channel through the gate ca-
pacitance. Rectification occurs mainly at the tunnel barrier
between source and channel with voltage-dependent conduc-
tance GS .
Rectification modelling
Our detector can be modelled by an equivalent circuit
(shown in Fig. 5) comprising an effective voltage source
Vant mimicking an antenna and two nonlinear junctions
connected in series with transistor channel. The detector
asymmetry, required to obtain a finite photovoltage at
zero bias, is provided by the asymmetric connection of
antenna between source and gate, and by zero-current
condition at the drain. Calculation of detector voltage
responsivity Rv = Vph/Pin includes three distinct steps:
1. Relating the non-linear I(V ) characteristics of cir-
cuit elements to the rectified voltage Vph.
2. Relating the power incident on antenna with its
open-circuit voltage Vant.
3. Microscopic calculation of I(V ) characteristics for
BLG channel and its tunnel contacts.
7First, it is convenient to introduce “voltage-voltage” re-
sponsivity of the TFET, RTFET = Vout/V
2
ant. The re-
sponsivity of bare transistor channel coupled to antenna
between source and drain is the log-derivative of the dc
channel conductance Gch with respect to the top gate
voltage Vtg [20], up to a geometrical factor:
Rch,i = −1
2
db
dt + db
∂ lnGC,dc
∂Vtg
. (2)
The presence of a tunnel junction with conductance GS
(assumed frequency-independent) depending on the volt-
age at the junction VTJ and the top gate voltage Vtg re-
sults in two extra contributions to RTFET, which also
take the form of log-derivatives:
RTJ,i = −1
2
∂ lnGS
∂VTJ
, RTG,i = −∂ lnGS
∂Vtg
. (3)
Summation law (1) for individual responsivities (2)
and (3) follows directly from Kirchhoff’s circuit rules.
At the second stage, the experimentally measured
“voltage-power” responsivity of the photodetector Rv
is related to the “voltage-voltage” responsivity of the
TFET as
Rv = 4Zrad
∣∣∣∣ ZGSZGS + Zrad
∣∣∣∣2RTFET, (4)
assuming the incident radiation is focused within the an-
tenna’s effective aperture. The prefactor describes volt-
age division between the TFET impedance ZGS between
gate and source and antenna radiation resistance Zrad.
Finally, we calculate the I(Vd, Vtg)-characteristics of
circuit elements microscopically. The FET channel is de-
scribed within drift-diffusive model with constant mo-
bility µBLG = 10
5 cm2/(V·s), a value close to that
found in the experiment. Short junctions are described
within quantum ballistic model [53]. Both the flux of
carriers incident on tunnel barrier and its transparency
depend on BLG band structure. This model results
in an approximate relation for source junction conduc-
tance GS ≈ 2epi3/2~Dtunk⊥tunW , where Dtun is the bar-
rier transparency for normal incidence, and k⊥tun is the
characteristic transverse momentum of electrons partic-
ipating in tunneling. To obtain vanishing junction re-
sistance in the absence of tunnel barrier, Dtun was re-
placed by Dtun/(1−Dtun) [58]. The appearance of high-
transparency regions across the tunnel barrier due to lo-
cal electric potential fluctuations was modelled as an in-
crease of the average field inside the tunnel barrier Ftun
by a constant value Ffluct. A value of Ffluct ≈ 8 kV/cm
was extracted from the experimental resistance R2pt in
the tunneling regime of detector operation.
The calculation of TFET band structure in the double-
gated and single-gated regions is based on a parallel-
plate capacitor model supplemented with relations be-
tween charge densities on graphene layers, their electric
potentials, and BLG bandstructure [59]. The transient
region with tunnel junction was modelled using an orig-
inal approach, where screening by the charges in BLG
was treated approximately by placing a fictitious con-
ducting plane under BLG. The position and potential of
this plane are chosen to yield the correct electric poten-
tial deep inside the source and channel regions of the
BLG. This reduces our electrostatic problem to finding
the fringing field of a capacitor, solved analytically by
Maxwell [60].
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Tunnel field-effect transistors for sensitive terahertz detection
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Supplementary Section 1: Further examples of tunnel-enabled photoresponse
Figure S1 shows further examples of our tunnel detector responsivity Rv as a function of Vtg recorded in response
to f = 0.13 THz radiation for varying Vbg. For all Vbg 6= 0, Rv(Vtg) dependencies are highly asymmetric. With
increasing Vbg, Rv is increasing and for Vbg = 2.6 V reaches 4.5 kV/W overcoming zero Vbg value by more than an
order of magnitude. A similar behaviour was observed if the polarity of Vbg is reversed (blue curve in Fig. S1). These
observations highlights a drastic difference between the field-effect-enabled intraband (black curve) rectification and
its interband tunneling counterpart (all other curves).
FIG. S1. Tunneling-enabled THz detection. Rv as a function of Vtg for given Vbg recorded in response to 0.13 THz
radiation. T = 10 K.
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Supplementary Section 2: Frequency dependence of tunnelling-enabled photoresponse
We have also studied the response of our detectors at higher frequency and found consistent tunnelling-enabled
highly-asymmetric behaviour when the top and bottom gates are biased with opposite polarity. Examples of Rv(Vtg)
are shown in Fig. S2a for two characteristic f from sub-THz and THz domains. Note, due to the limitation of our
measurements (See Methods) we only present a relative comparison between Rv(Vtg) recorded at f = 0.13 THz and
f = 2 THz. However, our modelling which provides remarkable agreement with experiment at f = 0.13 THz predicts
that TFET detectors are expected to perform equivalently well at both sub-THz and THz frequencies as we show in
Figs. S2b,c.
FIG. S2. Frequency dependence of tunnelling-assisted THz detection a, Rv as a function of Vtg for Vbg = 1.2 V
obtained under illumination with THz radiation of given frequency. The data normalized to their maximum value. Peaks in
Rv correspond to the excitation of plasmon-resonances in the detector channel [S18]. b,c Theoretical Rv(Vtg) dependencies for
given f : as-calculated (c) and normalized to their maximum value (b).
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Supplementary Section 3: Comparison with existing technology
In Fig. S3 we compare the performance of our tunnel device with other THz detectors and rectifiers; some of them
are available on the market (underlined labels). To this end, we plot their noise equivalent power (NEP) versus
temperature, T , at which they operate. The comparison is made for the frequency range 0.1−2 THz and for the NEP
calculated via extrinsic responsivity, i.e. which takes into account the full power delivered to the device. The devices of
different types are compared: cooled superconducting bolometers [S1, S2], cooled semiconducting bolometers [S3–S5],
kinetic inductance sensors [S6, S7], cooled quantum dot devices [S8, S9], as well as transistor-based detectors [S10–S15]
and Schottky diodes [S16]. One of the primary tasks for the next-generation THz technology is to produce low-NEP
sensors operating at elevated temperatures as indicated by the yellow shaded area in Fig. S3. However, whereas the
cooled devices feature exceptionally low NEP, room-T devices are usually characterized by much higher NEP. Our
BLG TFET offers a compromise to this enquiry: it features relatively low NEP and operates above liquid helium
T . Furthermore, our model suggests that TFETs with optimized parameters can feature even lower NEP at room
temperature (dark yellow star in Fig. S3) and thus offer a route to the next-generation THz technology. The details
are given in Supplementary Section 5.
FIG. S3. Overview of THz detectors. NEP for THz detectors of various types plotted against the temperature at which they
operate. Vertical error bars represent the spread of the detectors’ performance over the frequency range 0.1−2 THz. Horizontal
error bars show the temperature range at which the detectors operate. Underlined labels denote commercial technology.
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Supplementary Section 4: Theoretical model of a BLG TFET photodetector
Supplementary Section 4.1: Modelling of tunneling-assisted THz detection
S
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FIG. S4. Equivalent circuit. a, Detailed equivalent circuit of a TFET-based detector. Different colors show the origins
of different contributions to responsivity: nonlinear current-voltage characteristic of the tunnel junction between source and
channel (red), its gate-controlled conductance (represented as an equivalent current source, green), and the gate-controlled
channel conductance (represented as a distributed current source, blue). b, Schematic view of our photodetector showing some
of the notation used throughout the Supplementary Information.
In this section, we derive a general expression for the responsivity of a TFET. The relevant circuit is shown in
Fig. S4a. We will treat the TFET as if it was single-gated, since the bottom gate is held at a constant potential and
its only function is to open a bandgap in BLG.
A TFET consists of two rectification units: a tunnel junction between the source and the channel, and the channel
itself. (The drain tunnel junction is effectively excluded from the circuit by the zero drain current assumption, at
least if the junction is too short to accommodate any spatial inhomogenities of the current.)
When a small ac voltage Vin cos(ωt) is applied between the gate and source, it induces voltages and currents in
different parts of the detector, having the general form (δV, δI)(t) = Re
(
(V, I)(1)e−iωt
)
+(V, I)(2) + ... ·e±2iωt+o(V 2in),
where we are interested in the first-order and dc second-order components.
We use a non-distributed model for the source junction, meaning current can flow through the junction only in
presence of a nonzero voltage drop across the junction and not solely under the action of ac gate voltage. Keeping
this is mind, the second-order expansion of its current-voltage characteristic I←s(VsS , VGS) reads
I(1)←s = GS(ω)V
(1)
sS ,
I(2)←s = GS,dc
V (2)sS −RTJ,i
∣∣∣V (1)sS ∣∣∣2
2
−RTG,i
Re
(
V
(1)
GS V
(1)∗
sS
)
2
 , (S1)
whereGS,dc andGS(ω) are the dc and ac conductance of the junction, RTJ,i is the intrinsic tunnel junction responsivity,
and RTG,i is the intrinsic “tunnel-gate” responsivity.
When writing similar expressions for the current Is← flowing to the source from the channel, we make advantage
of the linear dependence between V
(1)
ds and V
(1)
Gs arising from zero drain current condition, and use only V
(1)
Gs and V
(2)
ds
as independent variables (remember that dc gate voltage V
(2)
Gs does not produce any current by itself):
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I(1)s← = G˜ch(ω)V
(1)
Gs ,
I(2)s← = Gch,dc
V (2)ds −Rch,i
∣∣∣V (1)Gs ∣∣∣2
2
 , (S2)
where Gch,dc is the dc channel conductance, G˜ch(ω) ≡ (∂Is←(ω)/∂VGs(ω)) |I←d=0 is the ac channel conductance
measured between source and gate, and Rch,i is the intrinsic channel responsivity.
From continuity of current, I
(1)
←s = I
(1)
s← and I
(2)
←s = I
(2)
s← = I
(2)
←D = 0, we find that the ac voltage V
(1)
GS ≡ Vin applied
between the gate and source is divided into voltage V
(1)
sS at the source tunnel junction and voltage V
(1)
Gs between the
gate and the beginning of the channel:
V
(1)
sS =
G˜ch(ω)
GS(ω) + G˜ch(ω)
Vin,
V
(1)
Gs =
GS(ω)
GS(ω) + G˜ch(ω)
Vin,
(S3)
which are subsequently rectified by the tunnel junction and the channel:
V
(2)
sS = RTJ,i
∣∣∣V (1)sS ∣∣∣2
2
+RTG,i
Re
(
V
(1)
GS V
(1)∗
sS
)
2
,
V
(2)
ds = Rch,i
∣∣∣V (1)Gs ∣∣∣2
2
.
(S4)
These rectified voltages sum together to yield the output voltage V
(2)
DS ≡ Vout of the photodetector (remember that
the voltage at the drain junction V
(2)
Dd = 0 because of zero drain current). Total responsivity of the TFET is given by
the sum of tunnel junction responsivity, coming from the nonlinear current-voltage characteristic of the source tunnel
junction, tunnel-gate responsivity, coming from resistive self-mixing in the gate-controlled source tunnel junction, and
channel responsivity, coming from resistive self-mixing in the channel:
RTFET ≡ Vout
V 2in/2
≡ V
(2)
DS(
V
(1)
GS
)2
/2
= RTJ +RTG +Rch,
RTJ ≡
∣∣∣∣∣ G˜ch(ω)GS(ω) + G˜ch(ω)
∣∣∣∣∣
2
RTJ,i,
RTG ≡ Re G˜ch(ω)
GS(ω) + G˜ch(ω)
RTG,i,
Rch ≡
∣∣∣∣ GS(ω)GS(ω) + G˜ch(ω)
∣∣∣∣2Rch,i.
(S5)
We will neglect the frequency dependence of the tunnel junction current-voltage characteristic. With this assump-
tion, intrinsic tunnel junction and tunnel-gate responsivities are given by the logarithmic derivatives of the junction
conductance with respect to appropriate voltages:
RTJ,i = −1
2
(
∂ lnGS
∂VsS
)
VGS
,
RTG,i = −
(
∂ lnGS
∂VGS
)
VsS
.
(S6)
S6
Due to the distributed nature of the channel, its current-voltage characteristics are inherently frequency-dependent.
Nevertheless, the intrinsic channel responsivity can also be expressed in terms of the logarithmic derivative of its dc
conductance, see Supplementary Section 4.6:
Rch,i ≈ −1
2
db
dt + db
(
∂ lnGch,dc
∂VGs
)
Vds=0
. (S7)
A similar expression was originally derived in Ref. S17 for a single-gated FET. The extra prefactor represents the gate
voltage division in a double-gated structure with top and bottom gate dielectrics of thicknesses dt, db.
TFET responsivity (S5) describes its response to the ac voltage at the gate, while the experimentally measured
photodetector responsivity Rv describes response to the power Pin incident on the antenna. The relation between
these responsivities can be obtained by considering the complete circuit of the photodetector, including the antenna
radiation resistance Zrad(ω) (Fig. S4a). Assuming the incident radiation is focused within the antenna’s effective
aperture, the incident power can be converted into the effective voltage Vant =
√
8Zrad(ω)Pin [S18], which is divided
between Zrad(ω) and the TFET gate-to-source ac impedance
ZGS(ω) = G
−1
S + G˜
−1
ch (ω), (S8)
yielding
Rv ≡ Vout
Pin
= 8Zrad(ω)
Vout
|Vant|2
= 4Zrad(ω)
∣∣∣∣ ZGS(ω)ZGS(ω) + Zrad(ω)
∣∣∣∣2RTFET. (S9)
Supplementary Section 4.2: Bandstructure and charge density in bilayer graphene
BLG in external electric field is described by the Hamiltonian [S19, S20]
Hˆ (k) =
 −eϕt ~v0(±kx − iky) 0 0~v0(±kx + iky) −eϕt γ1 00 γ1 −eϕb ~v0(±kx − iky)
0 0 ~v0(±kx + iky) −eϕb
 , (S10)
in the vicinity of K,K ′ points of the Brillouin zone, where ϕt, ϕb are the electric potentials at top and bottom
graphene layers, γ1 = 0.38 eV, v0 = 10
6 m/s, and the signs depend on the valley.
The corresponding conduction and valence band dispersions are
Ec,v(k) = −eϕ+ ± E(k),
E(k) =
√√√√√E2g
4
+
√γ21 − E2g
4
+ (~v0k)2 − γ
2
1
2
√
γ21 − E2g
2 (S11)
with a bandgap
Eg (ϕ−) =
γ1√
γ21 + e
2ϕ2−
|eϕ−| , (S12)
where ϕ+ ≡ (ϕt + ϕb)/2 is the average potential of graphene layers, and ϕ− ≡ ϕt − ϕb is the interlayer voltage. The
bands have a “Mexican hat” shape with circular extrema around the corners of the Brillouin zone (Fig. S5).
The inverse dispersion relation is
k±(E − eϕ+) = 1~v0
√√√√E2 + e2ϕ2−
4
±
√(
γ21 + e
2ϕ2−
)(
E2 − E
2
g
4
)
. (S13)
It is double-valued within the “Mexican hat” region, Eg/2 < |E| ≤ |eϕ−|, while only a single solution k+ remains
above the hat, |E| > |eϕ−|.
Given the dispersion relation (S11), we can express the charge density ρ+ ≡ ρt + ρb in BLG at zero temperature
through the chemical potential measured from the midgap, µ˜ ≡ µ+ eϕ+, and vice versa:
S7
E
kEg |eϕ-|
FIG. S5. Bandstructure of biased bilayer graphene described by Hamiltonian (S10) (only the conduction and valence bands
are shown). Circular band extrema are highlighted in yellow.
ρ+ (µ˜) =

0 if |µ˜| < Eg2 ,
−ek2Fpi sgn µ˜, kF = k+ (µ˜) if |µ˜| ≥ |eϕ−|2 ,
−ek
2
F+−k2F−
pi sgn µ˜, kF± = k± (µ˜) if
Eg
2 < |µ˜| < |eϕ−|2 ,
µ˜ (ρ+) =

−E (kF ) sgn ρ+, kF =
√
pi|ρ+|
e if |ρ+| ≥ ρhat,
−
√
E2g
4 +
1
4(γ21+e2ϕ2−)
(
~v0
√
pi|ρ+|
e
)4
sgn ρ+ if 0 < |ρ+| < ρhat
(S14)
where ρhat = (e/pi)(eϕ−/~v0)2 is the charge density corresponding to µ˜ = ±eϕ−/2 (the Fermi level positioned at the
tip of the “Mexican hat”). We have taken into account the double valley degeneracy in BLG.
Supplementary Section 4.3: Electrostatics of double-gated bilayer graphene
To calculate the band diagram of our TFET, we seek approximate analytical solution of electrostatic equations for
double-gated BLG.
Let Vtg, Vbg be the potentials of the top and bottom gate, dt, db the thicknesses of dielectric layers separating BLG
from the gates, κt, κb the dielectric constants of these layers, and d the interlayer distance in BLG. Then, the total
charge density ρ+ ≡ ρt + ρb and interlayer charge transfer ρ− ≡ (ρt − ρb)/2 are related to the electric potentials ϕt,
ϕb of top and bottom graphene layers by
ρ+ = −Ct (Vtg − ϕt)− Cb (Vbg − ϕb) ,
ρ− = −Ct (Vtg − ϕt)
2
+
Cb (Vbg − ϕb)
2
+ Ccl− (ϕt − ϕb) ,
(S15)
where we introduced capacitances per unit area Ccl− ≡ 0/d, Ct ≡ κt0/dt, Cb ≡ κb0/db.
The potentials of graphene layers stay close to the Fermi level (compared to the gate voltages), and we can substitute
Vt/b −ϕt/b → Vt/b + µ/e in the second equation. We cannot do the same in the first equation, otherwise it would not
work properly in the undoped case. Instead, in the first equation we approximate ϕt ≈ ϕb ≈ ϕ+ to decouple ρ+, ϕ+
and ρ−, ϕ−:
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T = 0 K T = 77 K
FIG. S6. Ratio between the interlayer charge transfer calculated using a constant interlayer quantum capacitance Cq− =
3e2γ1/(4pi~2v20) and the exact interlayer charge transfer ρ− calculated from Hamiltonian (S10) as described in [S19]. Left panel:
zero temperature, right panel: T = 77 K.
ρ+ ≈ −CtVtg − CbVbg + (Ct + Cb)ϕ+,
ρ− = −Ct (Vtg + µ/e)
2
+
Cb (Vbg + µ/e)
2
+ Ccl−ϕ−.
(S16)
The introduced approximations essentially amount to a minor shift of gate voltages, by the order of magnitude equal
to ϕt, ϕb.
These equations have to be supplemented with explicit expressions for ρ±(µ˜, ϕ−) in BLG (µ˜ ≡ µ+eϕ+ is the chemical
potential with respect to the midgap). To facilitate analytical treatment, we use zero-temperature expression for the
total charge density (S14) and a constant quantum capacitance model for the interlayer charge transfer:
ρ+ =
{
0 if |µ˜| ≤ Eg(ϕ−)2 ,
ρ+ (µ˜) if |µ˜| > Eg(ϕ−)2 ,
ρ− ≈ −Cq−ϕ−.
(S17)
The constant interlayer quantum capacitance Cq− = 3e
2γ1/(4pi~2v20) approximates the interlayer charge transfer in
BLG over a wide range of bangaps and doping levels within 50% accuracy (see Fig. S6).
Now, the equation for ρ− becomes trivial to solve, while the equation for ρ+ requires some additional simplifications
to allow analytical solution. We consider two opposite cases: (1) Fermi level lies within the bandgap, (2) Fermi level
lies outside the gap. In the first case, ρ+ = 0 at zero temperature, and ϕ+ is readily obtained from (S16). In the
second case, we can pick some initial guess for ϕ+, find ρ+ from (S16), and find a better approximation for ϕ+ from
(S17). Since the quantum capacitance Cq+ ∼ 0/d is much larger than Ct + Cb, the precise value of the initial guess
is unimportant, and we initially assume the Fermi level is pinned at the band edge, µ˜ = ±Eg/2 (this choice avoids
spurious discontinuities in ϕ+(Vtg, Vbg)).
The overall procedure is summarized in the following equations:
ϕ− ≈ Ct (Vtg + µ/e)− Cb (Vbg + µ/e)
2C−
, C− ≡ Ccl− + Cq−,
Eg = Eg (ϕ−) ,
µ˜0 = e
Ct (Vtg + µ/e) + Cb (Vbg + µ/e)
Ct + Cb
,
µ˜ ≈
{
µ˜0 if |µ˜0| ≤ Eg2 ,
µ˜ (ρ+) , ρ+ = −Ct+Cbe
(
µ˜0 − Eg2 sgn µ˜0
)
if |µ˜0| > Eg2 ,
(S18)
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where Eg (ϕ−), µ˜ (ρ+) are given by (S12) and (S14).
In our calculations, we used dt = 80 nm, db = 50 nm, d = 0.335 nm, and κt = κb = 3.76 (out-of-plane static
dielectric constant of hexagonal boron nitride [S21]).
We use this parallel-plate capacitor model to find the electric potentials ϕ+S , ϕ+C and interlayer voltages ϕ−S ,
ϕ−C in the source region and in the channel in absence of ac signal, and also to calculate the channel response to an
ac signal, see Supplementary Section 4.6. In the source region, there is only the bottom gate, while the role of a top
gate is played by infinity, held at zero potential. This means Ct = 0, and the top gate disappears from the equations.
Supplementary Section 4.4: Tunneling field
In a TFET based on double-gated BLG, a tunnel juntion is formed under the top gate edge, where the parallel-plate
capacitor model of Supplementary Section 4.3 cannot be applied, and an accurate calculation of the tunneling field
requires solving a two-dimensional electrostatic problem. This problem can be solved analytically in the absence of
BLG [S22], and the answer is
E˜x =
1− ϕ˜
[1 + y˜ (1− ϕ˜) cot y˜ϕ˜]2 + y˜2 (1− ϕ˜)2 , (S19)
where
E˜x ≡ Exdtb
pi [ϕ (x = −∞)− ϕ (x = +∞)] , y˜ ≡
piy
dtb
, ϕ˜ ≡ ϕ− ϕ (x = −∞)
ϕ (x = +∞)− ϕ (x = −∞) (S20)
are the dimensionless field in the plane of BLG, dimensionless position of BLG with respect to the gates (y˜ = 0 at
the bottom gate and pi at the top gate), and dimensionless electric potential at the point where the field is calculated.
dtb = dt + db + d is the distance between gates, ϕ (x = −∞) = Vbg and ϕ (x = +∞) = Vbg + (y/dtb)(Vtg − Vbg) are
the electric potential in the source region and in the channel. The top and bottom dielectrics are assumed to be the
same, as in our experiment.
Across a wide range of y˜, E˜x is close to its low-y˜ limit
top gate
bo�om gate
BLG
0
dt
y
x
ϕ+S
ϕ+C
BLG poten�al
(b)
(a)
FIG. S7. (a) Color map showing the distribution of electric potential near the source-channel junction. Black lines: equipotential
lines and field lines. Dashed red line: fictitious conductor introduced to obtain the correct potential in the source and the
channel without explicitly considering screening by BLG. Potential above the fictitious conductor was calculated as prescribed
in Ref. S22, potential below the fictitious conductor was calculated in the parallel-plate capacitor model. (b) Electric potential
ϕ+(x) inside BLG.
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E˜x ≈ ϕ˜2 (1− ϕ˜) . (S21)
In the presence of BLG, exact calculation of the tunneling field would require solving the two-dimensional elec-
trostatic problem numerically. To avoid this, we notice that adding BLG into the system reduces ϕ (x = +∞) −
ϕ (x = −∞) from several volts to tens or hundreds of millivolts. This suggests to approximate the screening by BLG
via introducing a fictitious perfect conductor placed very close to the BLG. The potential of this conductor and its
distance from the BLG are chosen so as to reproduce the correct potentials in the source and channel regions of BLG.
The resulting electric potential distribution in the system is shown in Fig. S7. Introducing the fictitious conductor
allows us to keep Eq. (S21) for the electric field in BLG, if dtb is replaced with dt in the definition of (Eq. (S20)), and
ϕ (x = ±∞) are calculated in the parallel-plate capacitor model described in Supplementary Section 4.3.
Knowing the distribution of electric potential in BLG, we can calculate the tunnel current though the source-
channel junction. Before we actually do this, we introduce two additional simplifications. First, we neglect field
variations inside the barrier and assume tunneling through uniform field. This field is calculated at the point where
the tunneling electron crosses the midgap (E + eϕ = 0, where E is the electron energy). Second, instead of using
different values of the tunneling field for electrons of different energies, we use a single value calculated for energy
E = (Etun,min + Etun,max)/2. Etun,min and Etun,max are the boundaries of the energy region where tunneling is
possible. Assuming zero temperature and both quasi-Femi levels µS , µC in the source and the channel (near its
beginning) lying within the band overlap region, we can write Etun,min = min {µS , µC} and Etun,max = max {µS , µC}.
(Remember that we are interested in the small-signal case, when the quasi-Fermi levels are close to each other and
either lie both inside the band overlap region, or both outside. In the latter case, tunneling is impossible.)
To summarize, we use the following expression for the tunneling field:
Ftun ≈ pi |ϕ+C − ϕ+,tun|
dt
(
ϕ+,tun − ϕ+S
ϕ+C − ϕ+S
)2
, (S22)
where ϕ+S , ϕ+C are calculated as described in Supplementary Section 4.3, and −eϕ+,tun = (µS + µC) /2.
Supplementary Section 4.5: Responsivity of the source-channel junction
A zero-temperature ballistic expression for the tunnel current through the source-channel junction is
I←s,tun = 8eW
∫ µS
µC
dE
2pi~
∫ k⊥max(E)
−k⊥max(E)
dk⊥
2pi
D (E, k⊥) (S23)
if µS > µC (the opposite case is treated similarly). Here, W = 6.2 µm is the channel width, D (E, k⊥) is the barrier
transparency, the wavevector integral is taken up to the maximum possible transverse wavevector k⊥max(E) that
an electron with energy E can have both in the source and in the channel, and the factor of 8 results from two
spin projections, two valleys, and two tunneling paths in the imaginary k-space (interference between them [S23] is
neglected).
An analytical approximation can be derived by expanding the WKB barrier transparency in powers of k⊥ up to
second order and extending the wavevector integration up to infinity [S24]:
I←s,tun ≈ 2e
pi3/2~
Dtunk⊥tunW (µS − µC) ,
Dtun ≈ exp
−pi
√
γ1E3g,tun
4~v0eFtun
 ,
k⊥tun ≈
√
4
pi
√
γ1
Eg,tun
eFtun
~v0
.
(S24)
We assume that the transition between the source and the channel has the same shape for both the interlayer voltage
and the electric potential and, therefore, the tunnel current flows through the bandgap Eg,tun ≈ |ϕ−,tun|, where
ϕ−,tun − ϕ−S
ϕ−C − ϕ−S =
ϕ+,tun − ϕ+S
ϕ+C − ϕ+S . (S25)
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At experimental conditions, the bandgap does not exceed 60 meV, so we use Eg ≈ |ϕ−| instead of a more accurate
expression (S12).
Expressions (S23), (S24) require that the chemical potentials µS , µC are taken at the points where the deviations
of the carrier distributions from the Fermi-Dirac form are negligible. Since we consider the tunnel junction connected
in series with the channel, we need an expression for the tunnel current in terms of the voltage directly at the junction,
otherwise a certain part of the channel would be counted twice. This can be achieved by introducing a 1 − Dtun
correction in the denominator:
I←s,tun ≈ 2e
pi3/2~
Dtun
1−Dtun k⊥tunW (µS − µC) , (S26)
similarly to the one-dimensional Landauer formula containing D/(1−D) [S25, S26].
The idealistic model that led to Eq. (S26) gives very small barrier transparency and huge tunnel resistance, orders
of magnitude larger than in our experiment. This suggests there is some mechanism affecting the junction resistance,
most likely electron-hole puddles, that create field fluctuations and may increase the average tunneling field. We take
this effect into account phenomenologically, introducing a single fitting parameter Ffluct, which represents the average
fluctuating field and is added to the tunneling field (S22) calculated without disorder:
I←s,tun ≈ 2e
pi3/2~
Dtun
1−Dtun k⊥tunW (µS − µC) ,
Dtun ≈ exp
− pi
√
γ1E3g,tun
4~v0e (Ftun + Ffluct)
 ,
k⊥tun ≈
√
4
pi
√
γ1
Eg,tun
e (Ftun + Ffluct)
~v0
.
(S27)
This is the final expression for the tunnel current that we used in our calculations. The value Ffluct = 8 kV/cm was
found by fitting the experimental resistance in the tunnel regime and simultaneously gave responsivity in reasonable
agreement with the experiment.
Assuming grounded source, µS = 0, we identify µC with −eVsS and Vtg with VGS from Supplementary Section
4.1. Now, we can calculate the junction conductance as GS = −e∂I←s,tun/∂µC and the intrinsic tunnel junction and
tunnel-gate responsivities through (S6). When the doping types of source and channel are the same, or channel is
undoped, there is no tunnel junction. In this case, we set the junction conductance to infinity and tunnel junction
and tunnel-gate responsivities to zero.
Supplementary Section 4.6: Responsivity of a long double-gated channel
In this section, we consider resistive self-mixing in a long [S27] double-gated channel and find its responsivity. Our
derivation closely follows that of Ref. S17, but extends it by (1) allowing the carrier density to depend separately on
the top gate voltage and the Fermi level (because ρ+ = ρ+ (µ+ eVtg) is no longer true in the presence of a bottom
gate), (2) using frequency-dependent channel conductivity.
The basic assumptions of our model are that the dc channel conductivity σdc(x, t) is instantaneously related to
the local charge density ρ+(x, t), which, in turn, is related (also locally and instantaneously) to the top gate voltage
Vtg(t) and the Fermi level µ(x, t). Response to ac perturbations is described within the Drude model. Together with
the charge conservation, we get a system of four equations:
ρ+(x, t) = ρ+ (Vtg(t), µ(x, t)) ,
∂J←(x, t)
∂t
= −1
e
σdc(x, t)
τ
∂µ(x, t)
∂x
− J←(x, t)
τ
,
σdc(x, t) = σdc [ρ+(x, t)] ,
∂ρ+(x, t)
∂t
=
∂J←(x, t)
∂x
,
(S28)
with the boundary conditions of grounded source and zero drain current:
µ(0, t) = 0, J←(+∞, t) = 0. (S29)
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The top gate voltage consists of a constant bias and an ac signal, Vtg(t) = V
(0)
tg + Vin cos (ωt). (Hereafter, quantities
in the absence of the ac signal will be denoted by the (0) superscript, while next orders in Vin will be denoted by
(1)
and (2), as in Supplementary Section 4.1.)
To the first order in Vin, we obtain
ρ
(1)
+ =
∂ρ+
∂Vtg
Vin +
∂ρ+
∂µ
µ(1),
J (1)← = −
1
e
σ
(0)
dc
1− iωτ
∂µ(1)
∂x
,
σ
(1)
dc =
dσdc
dρ+
ρ
(1)
+ ,
−iωρ(1)+ =
∂J (1)←
∂x
.
(S30)
Using the boundary conditions (S29), we get the following solution
µ(1)(x) = −
(
∂ρ+
∂µ
)−1
∂ρ+
∂Vtg
Vin
[
1− eiqplx] ,
ρ
(1)
+ (x) =
∂ρ+
∂Vtg
Vine
iqplx,
J (1)← (x) = −
1
e
σ
(0)
dc
1− iωτ iqpl
(
∂ρ+
∂µ
)−1
∂ρ+
∂Vtg
Vine
iqplx,
qpl ≡
√
iω(1− iωτ)
σ
(0)
dc
∂ρ+
∂ (−µ/e) .
(S31)
Having found the first-order current, we can write the channel “source-gate” conductance (W is the channel width):
G˜ch(ω) ≡ J
(1)
← (0)W
Vin
= − σ
(0)
dc
1− iωτ iqplW
(
∂ (−µ/e)
∂Vtg
)
ρ+
. (S32)
(Note that we use exp(−iωt) for the time dependence of harmonic signals instead of exp(+jωt) convention prevalent
in electrical engineering, resulting in reactances having unconventional signs.)
The equation on the second order dc current results from the zero dc drain current condition,
J (2)← = −
1
e
σ
(0)
dc
∂µ(2)
∂x
− 1
2e
Re
(
σ
(1)
dc
∂µ(1)∗
∂x
)
= 0, (S33)
yielding the intrinsic channel responsivity
Rch,i ≡ Vout|Vin|2 /2
≡
[
µ(2)(+∞)− µ(2)(0)] /(−e)
|Vin|2 /2
= −1
2
(
∂ lnσdc
∂Vtg
)
µ
(
∂ (−µ/e)
∂Vtg
)
ρ+
.
(S34)
The expressions (S32), (S34), and the definition of qpl (S31) differ from the results of Ref. S17 by two extra factors.
The first factor (∂ (−µ/e) /∂Vtg)ρ+ is unity in a single-gated FET and reduces to approximately Ct/(Ct + Cb) =
d˜b/(d˜t+ d˜b) in the presence of a bottom gate. The second factor 1/(1− iωτ) appears due to the frequency dependence
of conductivity.
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Calculations show that the difference between (∂ (−µ/e) /∂Vtg)ρ+ and d˜b/(d˜t + d˜b) is minor and can be neglected
within the accuracy of our model, so we used the following expressions for the channel “source-gate” conductance and
intrinsic channel responsivity:
G˜ch(ω) = − σ
(0)
dc
1− iωτ iqplW
d˜b
d˜t + d˜b
,
Rch,i = −1
2
(
∂ lnσdc
∂Vtg
)
µ
d˜b
d˜t + d˜b
,
qpl ≡
√
iω(1− iωτ)
σ
(0)
dc
∂ρ+
∂ (−µ/e) .
(S35)
The derivatives in (S35) were evaluated with the help of the approximate electrostatic model presented in Supple-
mentary Section 4.3 and the constant-mobility approximation for the channel dc conductivity:
σ
(0)
dc = |ρ+|µBLG + σresidual(Vbg), (S36)
where we take µBLG = 10
5 cm2/(V·s) (according to measurements performed on similar devices [S14]). The transport
relaxation time τ was taken to be 2 ps according to the relation µBLG = eτ/m
∗, where m∗ = γ1/2v20 (this is the
carrier effective mass in the band extrema of gapless BLG; in gapped BLG band dispersion is similar to the gapless
case except in close vicinity of the band edges, so we neglect the bandgap dependence of m∗).
The residual conductivity σresidual due to potential fluctuations in the channel was obtained by fitting the following
formula to the experimental dc resistance at the channel neutrality point:
L
W
σ−1residual(Vbg) =
r∞V 2bg + r0V
2
0
V 2bg + V
2
0
. (S37)
The fitting procedure yielded r0 = 200 Ω, r∞ = 150 kΩ, V0 = 5.5 V.
Using the intrinsic channel responsivity and channel “source-gate” conductance, together with the intrinsic tunnel
junction and tunnel-gate responsivities and the tunnel junction conductance found in Supplementary Section 4.5, we
can obtain the total responsivity of our transistor through Eq. (S5) and convert it to the photodetector responsivity
through Eq. (S9).
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Supplementary Section 5: Performance limits of BLG TFET photodetectors
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FIG. S8. Calculated responsivity of our photodetector in absence of electric potential fluctuations.
The theory described in the previous Supplementary Sections was used to calculate the theoretical responsivity of
our photodetector, which is shown in Fig. 4 of the main text. The detector responsivity in our theory is limited
by the electric potential fluctuations and could be substantially improved in devices with reduced density of charged
impurities. Figure S8 shows the theoretical responsivity of our photodetector in absence of potential fluctuations
(that is, with Ffluct = 0), which reaches hundreds kV/W.
Another way to increase detector responsivity is to exploit large nonlinearity of the tunnel junction at small values
of band overlap (when the tunnel current is about to be switched off). This requires that the conduction band edge
in the source region is simultaneously aligned with the valence band edge in the channel (or vice versa) and with the
Fermi level.
Such kind of band alignment can be realized by introducing an additional gate above the source region and could
potentially result in a very large nonlinearity even at room temperature [S24], which would yield infinite responsivity
in the idealized model (no potential fluctuations, no leakage currents). This is easy to show by considering a power-law
dependence of the tunnel conductance on the gate voltage, GS ∝ (Vtg−Vth)α for Vtg > Vth and zero otherwise, which
results from the power-law dispersion k(E) near the band edges. Taking the logarithmic derivative of GS with respect
to the gate voltage, we obtain |RTG,i| = α/(Vtg − Vth) for nonzero α, or a δ-peak at Vtg = Vth for α = 0. A similar
argument holds for |RTJ,i|, since the band alignment is affected not only by the gate voltage, but also by the Fermi
level in the channel.
In practice, the maximum achievable responsivity will be limited by potential fluctuations and leakage currents.
Thermionic leakage hinders the performance of our detector at non-cryogenic temperatures because of the small
bandgap (< 60 meV) realized in our TFET, but this problem can be mitigated by increasing the bandgap, either by
applying a larger vertical field to BLG, or by using larger-gap materials, such as black phosphorus. Electric potential
fluctiations present a more fundamental issue and limit the logarithmic derivatives of the tunnel conductance to
∼ 1/Vfluct, where Vfluct is the magnitude of these fluctuations.
Assuming the total responsivity is dominated by RTJ (as in our photodetector) and using equations (S5), (S6), and
(S9), we can estimate the achievable room-temperature noise equivalent power as
NEPmin =
√
4r2ptkBT
|Rv| =
√
4r2ptkBT
4Zrad
∣∣∣ ZGSZGS+Zrad ∣∣∣2 |RTFET| ≈
√
4rSkBT
4Zrad
(
rS
rS+Zrad
)2
1
2
∣∣∣∂ lnGS∂VsS ∣∣∣
≈ 16
9
√
3Vfluct
√
kBT
Zrad
,
(S38)
where rS = G
−1
S is the resistance of the source tunnel junction. To minimize the noise equivalent power, we assumed
rS = 3Zrad, the drain junction is absent, and the channel resistance is negligible.
Taking Zrad = 75 Ω and Vfluct = 1 mV (an experimentally achievable value [S28]), we estimate that the room-
temperature noise equivalent power in TFET-based photodetectors can be made as low as 0.02 pW/
√
Hz (shown in
Fig. S3).
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